Abstract: Porcine dermal collagen is successfully digested by clostridium histolyticun collagenases (CHC) at varying compositions and conditions. Collagen fragments thus prepared, with significantly low molecular weight but visible denaturation temperatures and/or triple helix structures, may be useful for clinical applications. As evidenced by Sodium dodecyl sulfate -polyacrylamide gel electrophoresis (SDS-PAGE) and gel permeation chromatography (GPC) analyses, relatively high molecular weights of , subunit, dimmers and trimmers of the collagen fragments gradually disappear as their incubation temperature and/or time values increase. The time values corresponding to the disappearance of sigmoid plots in the denaturation curves, denaturation endotherm in DSC thermograms and bands in SDS-PAGE patterns of digested collagen specimens are the same and reduce significantly as their incubation temperatures increase. Fourier transform infra-red analyses results suggest that the percentages of preserved triple helix structures present in collagen molecules of digested collagen specimens also reduce significantly with increasing the incubation temperature and time values. Possible reasons accounting for the degradation, denaturation and physicochemical properties of digested porcine dermal collagens are explored in this study.
Introduction
The triple helix characteristics of collagen molecules are well known for their low antigenicity, high biocompatibility, water retention capacity, and capability of promoting growth of cells [1, 2] . However, the collagen molecules are sensitive to heat and transform into random-coil gelatin as temperatures approach the thermal denaturation temperature (T d ) [3] [4] [5] . The collagen molecules with triple helical conformations exhibit better physiological effects than those of random-coil gelatin, and are thus considered acceptable for use in cosmetics [6] .
Studies show that collagen molecules can be absorbed by the epidermis but do not penetrate the dermis owing to their high molecular weights [7] . Thus, attempts are being made to prepare triple helical collagen molecules with relatively low molecular weights that can penetrate the dermis better [2, 5, [8] [9] [10] [11] [12] [13] [14] . However, effective degradation or hydrolysis of collagen molecules are difficult due to their tight structure [8] [9] and thus industrial utilization of collagen fragments for cosmetics, food, artificial organs and other materials is not well developed.
It is now widely accepted that there are two types of collagenases, which directly hydrolyze the native collagen molecules. Tissue collagenases produced by higher organisms can cleave the collagen molecules into two active fragments by making a single scission at a specific site approximately 3/4 from the N-terminus [12] [13] [14] [15] [16] [17] . In contrast to tissue collagenases, clostridium histolyticun collagenases (CHC) produced from lower organisms can degrade collagen molecules into small active peptides by hydrolysis at multiple sites along the triple helix [8] [9] [10] [11] . Further investigations [8, 9] suggest that the CHC initially degrades all three chains of collagen molecules close to the C-terminus, and the second cleavage occurs close to N-terminus of collagen molecules. This is followed by a series of further cleavages that consecutively reduce the fragments in size. Previous investigations [8, 9] have reported the feasibility of using CHC on degrading or hydrolyzing the collagen extracted from rat-tail, bovine skin and other animal sources.
As evidenced by sodium dodecyl sulfate (SDS) gel electrophoresis, clear reduction in molecular weights of , subunit molecules and , dimmers was found in their studies when collagens were incubated using CHC molecules. However, only a fixed temperature and time was chosen in the incubation experiments by CHC molecules. The results with regard to the denaturation temperatures or bioactive properties of the triple-helix structure of collagen molecules incubated by CHC and reduction of molecular weights of the trimmers of collagen fragments were not reported in these studies [8, 9] . We searched literature extensively and found that the degradation and physicochemical properties of the porcine dermal tissue collagen molecules digested using CHC at different incubation temperature and time have never been reported earlier.
For this study, we extracted the collagen molecules from the porcine dermal tissue using acid swelling-pepsin digestion method [18] . We then prepared small fragments of digested collagen specimens containing trimmers with significantly reduced molecular weights but with visible denaturation temperatures by incubating with CHC at varying weight ratios and temperatures for varying amounts of time. We report here the optimum CHC compositions and degradation conditions for preparing porcine dermal collagen fragments with visible denaturation temperatures and possible clinical applications. Possible reasons accounting for the degradation, denaturation temperature, and physicochemical properties of digested collagen molecules are reported.
Results and discussion

Sodium dodecyl sulfate -polyacrylamide gel eletrophoresis (SDS-PAGE)
SDS-PAGE patterns of collagen and digested collagen specimens incubated with Clostridium histolyticun collagenases (CHC) at a fixed temperature for varying amounts of time are summarized in Figures 1 to 3 . The weight ratio of collagen to CHC molecules (R cc ) was fixed at 40/1. It is worth noting that the characteristic bands of collagen molecules fade gradually with increasing incubation time. Meanwhile, many new bands underneath the characteristic bands of original collagen molecules were found in SDS-PAGE patterns of digested collagen specimens as their incubation time increases. In fact, the number of new bands present in the digested collagen specimens increases significantly to a maximum value, as the incubation time reaches the critical value (t o ). Conversely, the number of newly developed bands reduces as the incubation time is greater than t o . As shown in Figure 1 , the number of newly developed bands of digested collagens at 16 o C changes from 0 to 12 and then to 2, as their incubation time increases from 0 to 64 (i.e. t o ) and 160 hours, respectively. As reported by several investigators [8] [9] [10] [11] , CHC can degrade collagen molecules into small active peptides by hydrolysis at multiple sites along the triple helix. The new bands found underneath the characteristic bands of original collagen molecules are attributed to the relatively low molecular weight of digested collagens obtained during their digestion process. It is interesting to note from [19, 20] , five distinct bands designated as , , , and bands were found in SDS-PAGE patterns of collagen specimens (see Figure 6a) . It has been reported [18, 20, 21, 22] that the triple helical collagen molecules (i.e. trimmer) are composed of two and one subunit molecules that can partially denature into 1 ( 1 + 1 ) and/or 2 ( 1 + 2 ) dimmers, or fully denature into 1 and 2 monomers during proper denaturation processes. As shown in Figure 6a 
Gel permeation chromatography analysis
The weight-average molecular weight (M w ) and molecular weight distribution of original and digested collagen specimens examined using gel permeation chromatography (GPC) are summarized in Figures 7 to 9. 
Temperature ( o C) digested collagen specimens.
As reported by several investigators [18, 23, 24] , the denaturation temperature (T d ) o C, respectively. These results clearly reveal that, using proper incubation conditions, CHC can digest porcine dermal collagens effectively into collagen fragments with significantly low molecular weights but with visible denaturation temperatures and/or triple helix structures that may be useful for clinical applications. C were found on the DSC thermogram of the collagen specimen. This is similar to earlier studies [25] [26] [27] . These endotherms with twin peaks are attributed to the denaturation temperature (T d ) and thermal degradation temperature (T td ) of the collagen molecule, respectively (see Figure 14a ). These two peak temperatures are close to those reported by Cui et al [22] and Pietrucha et al [27] . As suggested by Cui et al [22] As suggested by several investigators [26, 27] , the endotherm with peak temperature near 61.5 o C originates from the transition of the triple helix structures of collagen molecules into randomly coiled structures. This transition process involves the breakage of intra-and inter-molecular hydrogen bonds and the release of loosely bound water. These intra-and inter-molecular hydrogen bonds as well as hydrogenbond water are responsible for the stability of the triple helix structures of collagen molecules. In contrast, the endotherm with peak temperature near 221.8 o C is suggested to be due to the degradation of polypeptide chains, and evaporation of residual and or strongly bound water. digested collagen specimens.
Fourier transform infra-red spectroscopy
Typical Fourier transform infra-red (FTIR) spectra of collagen digested at varying temperatures for various amounts of time are shown in Figures 16 to 18 . We found distinguished absorption bands centered at 3334, 1655, 1557, 1238, 1459 and 1403 cm -1 on the FTIR spectra of the collagen specimen (see Figure 18a) , that is similar to that in literature [1, 28, 29] . These are attributed to the motion of the hydrogenbonded O-H stretching or N-H stretching vibration (amide A), the stretching vibrations of the peptide carbonyl groups (amide ), N-H bending or C-N stretching vibration and -NH 2 groups are capable of forming hydrogen and/or ionic bonds with -OH or -NH 2 groups present in digested collagen molecules by weakening the hydrogen and ionic bonds originally present in digested collagen molecules, and responsible for the shifting of peak wave numbers of amide peak to lower values. As reported by Gordon et al [31] , the absorption band centered at 1459cm -1 can serve as a useful internal standard since the absorption intensity of C-H bending is not variable with gross changes in the relative extents of denaturation of collagen molecules. The ratio of the peak absorbance at 1238 and 1459 cm -1 (R = A 1238 /A 1459 ) was suggested to evaluate the apparent helix contents present in collagen molecules, since the amide I absorption band centered at 1238 cm -1 is sensitive to the presence of the tertiary structure of the native collagen molecules. After digestion by CHC at 24 o C, the ratios of the peak absorbance at 1238 and 1459 cm -1 of the digested collagen specimens reduces from 0.98 to 0.90 and then abruptly to 0.64 as the incubation time increases from 0 to 14 and 30 h, respectively (see Figures. 16a to c) . Similar digesting time dependence on the ratios of the peak absorbance were also found for collagen specimens digested at 16 and 28 o C (see Figures. 16a to c and 18a to c) . However, it is interesting to note that the ratios of the peak absorbance of digested collagen specimens also reduce significantly with increasing the incubation temperature (see Figures. 16 to 18 ). These results suggest that the percentages of preserved triple helix structures present in collagen molecules of digested collagen specimens reduce significantly with increasing incubation temperature and time. 
Conclusions
We investigated the degradation, denaturation, and physicochemical properties of digested porcine dermal collagen. As revealed by SDS-PAGE and GPC analyses, relatively high molecular weights of , subunit, dimmers and trimmers of the collagen fragments gradually disappear as their incubation temperature and/or time increases. The time corresponding to the disappearance of sigmoid plots in the denaturation curves, denaturation endotherms in DSC thermograms and bands in SDS-PAGE patterns of D R C T t specimens are the same and reduce significantly as their incubation temperatures increase. Further FTIR analyses suggest that the percentages of preserved triple helix structures present in collagen molecules of digested collagen specimens reduce significantly with increasing incubation temperature and time. The above results reveal that porcine dermal collagens can be digested feasibly by CHC at varying compositions and conditions to prepare collagen fragments with significantly low molecular weights but visible denaturation temperatures and/or triple helix structures that may be useful for clinical applications.
Experimental part
Preparation of collagen specimens
We used our previously reported experimental methods to extract collagen from fresh porcine dermal tissue to be used in this study [32] . For this study, we used collagen specimens prepared by re-dissolving the centrifuged collagens prepared in a 0.5 M acetic acid solution, salting out in the 1 M NaCl solution and then centrifuging it again. The above re-centrifuged collagens were then dissolved in 0.5 M acetic acid solution and then sealed in a dialyzer before placing in a stirred 0.02 M Na 2 HPO 4 (Tianjin Bodi Chemical Co., Ltd., Tianjin, China) dialysate at 4 o C for 3 days to remove the NaCl and acetic acid molecules originally present in the re-centrifuged collagens. The collagen specimens were then obtained after lyophilizing the dialyzed collagen solutions obtained above at -50 o C for 36 h.
Digestion of collagens
We dissolved the collagen specimens in buffer solution (0.05 M Tris-HCl (Sigma, USA) PH 7.4, 0.15 M NaCl and 0.05 M CaCl 2 ) to a final concentration of 6 mg/ml [9] . In order to find out the optimum incubation temperature and time, we incubated the above prepared collagen solutions with varying weight ratios of collagens to CHC (SERVA, USA) at varying temperatures for various amounts of time in the reaction tubes.
Tab. 1. Digested collagen solutions after incubating with Clostridium histolyticun collagenases (CHC) at varying temperatures for various amounts of time. Incubating time (hours) ≦ 160
The superscript "R" denotes the weight ratios of collagen to CHC molecules in collagen solutions. The superscript "T" denotes the incubation temperature. The subscript "t" denotes the incubating time of collagens digested by CHC. Table 1 summarizes designations, compositions, and incubation conditions of digested collagen solutions prepared in this study. The digestion reaction was stopped by adding ethylene diamine tetraacetic acid (EDTA) (Tianjin Bodi Chemical Co., Ltd., Tianjin, China) to a final concentration of 0.1 M [21] . The EDTA added collagen mixtures were then sealed in a dialyzer before placing in a stirred deionized water dialysate at 4 o C for 3 days to remove the organic and inorganic molecules (such as Tris, NaCl and CaCl 2 ) originally present in the EDTA added collagen mixtures. The dialyzed collagen mixtures obtained above were then lyophilized at -50 o C for 36 h. The lyophilized digested collagen specimens were then stored in the refrigerator at 4 o C before preparation specimens used for DSC and FTIR measurements.
Sodium dodecyl sulfate -polyacrylamide gel eletrophoresis
We analyzed the molecular weights and structures of digested and EDTA added collagen solutions prepared using the SDS-PAGE (Shanghai Youyang Industrial Co., Ltd. Shanghai, China). The SDS-PAGE experiments were carried out in a DYCZ-24DN electrophoresis apparatus, wherein a 5% (w/v) stacking gel and a 10% (w/v) separating gel were used. The composition of the stacking and gel solutions used in this study is summarized in Table 2 About 12 ml separating gel solution was poured into the sample channel located in the electrophoresis apparatus at 25 o C for 1 h. After coagulation of separating gel solution, 6 ml of stacking gel solution was poured sequentially on the coagulated separating gels. Meanwhile, a tiny comb sample was inserted rapidly in the stacking gel solution, and then removed carefully from the coagulated stacking gel 1.5 hours later to create sample injecting bores. The above prepared stacking/separating gels were then used in the electrophoresis analysis. Aliquots (about 60μl) of the digested collagen solutions prepared earlier were withdrawn from the reaction tubes every 2 h (see Table 1 ), and then mixed at a 1:1 (v/v) ratio with 0.1M Tris-HCl buffer solution (pH 6.8) containing 4% (w/v) SDS (Sigma company), 0.02% (w/v) bromophenol blue (Shanghai Jianglai Biotechnology Ltd. Shanghai, China), 20% (v/v) glycerol, 5% (v/v) 2-mercaptoethanol (Sigma company). We then heated the above mixture at 100 o C for 5 min to denature the digested collagen molecules for further electrophoretic analysis. About 12 μl of the denatured digested collagen, samples prepared above were then injected into the sample injecting bores for the electrophoresis analysis. Before performing the electrophoresis, about 250 ml of electrophoresis buffer solution containing 0.025 M trisHCl (pH 8.2), 0.192 M glycine and 0.1% (w/v) SDS was poured into the electrophoresis apparatus. For each of the electrophoresis session, the stacking and separating gels were set at 80 and 100 volts, respectively, wherein the standard molecular mixture markers were run parallel to the denatured digested collagen samples.
After each electrophoresis session, the stacking/separating gels were stained with 0.05% (w/v) Coomassie Brilliant Blue R-250 (Shanghai Yubo Biotechnology Ltd. Shanghai, China) solution and de-stained with 10% (v/v) acetic acid / 20% (v/v) methanol solution until the bands were clear at 25 o C for 1 h and 2 days, respectively. We could then estimate the molecular weight of each denatured digested collagen sample using the calibration curve obtained from the standard molecular mixture markers used in this study.
Gel permeation chromatography analysis
We determined the average molecular weight and molecular weight distribution of collagen specimen, D 30 specimens were dissolved, respectively, in 2 ml of buffer solution containing 50 mM Tris-HCl (PH 7.5) and 50 mM NaCl to a final concentration of 1 mg/ml as suggested by Denis et al [33] . We then centrifuged the GPC sample solutions prepared above at 4 o C, 8000 rpm for 30 minutes to prepare the supernatant solution by sedimentation of the residual solid contents. About 20 μl of the supernatant were injected using a syringe with a needle into a 7.5×300 mm column packed with 8 μm size of Polymer Laboratory aquagel-OH particles, and then eluted at a flow rate of 1.0 ml/min with buffer solution containing 50mM tris-HCl (PH 7.5) and 50 mM NaCl.
Denaturation temperature analysis
We followed the protocol explained by Sivakumar et al [23] for the denaturation temperatures of the collagen specimen, D 
The denaturation temperatures of the collagen and digested collagen specimens were then evaluated as the inflection points of the sigmoid curves obtained by plotting (η sp /c) t=x℃ /(η sp /c) t=20℃ against temperatures.
We determined the thermal properties of collagen specimen, D 50 C 24 14 and D 50 C 24 30 digested collagen specimens using a TA Q100 differential scanning calorimetry (DSC). All scans were carried out from -50 to 300 o C at a heating rate of 20 o C/min and under flowing nitrogen at the rate of 50 ml/min. The instrument was calibrated using pure indium. Samples weighing 0.2 mg were placed in standard aluminum sample pans for each DSC experiment.
Fourier transform infra-red spectroscopy
We prepared the Infra-red spectra of collagen, D 
